The physiopathogenesis of proliferative scarring in human skin is not well understood. Furthermore, knowledge of the precise mechanisms of action for physical treatment modalities is limited. Compression garments, occlusive/adhesive skin taping, and silicone gel sheets are applied to form an occlusion on the scar surface, reduce tension, and/or increase pressure on the scar itself. The mechanisms by which the external or superficial actions of these treatments cause remission of a protruding scar may be related to mechanoreceptor (nociceptor and cellular mechanoreceptor) responses. Methods: Basic research studies about mechanoreceptor-related (nociceptors and cellular mechanoreceptors, separately) events are reviewed and discussed based on proliferative scarring background. Scar management-related studies were corrected from the standpoint of mechanotransduction mechanisms. The methodologic quality of the clinical trials and basic studies was evaluated and reviewed. Results: It was suggested that many of the physical scar management methods, including compression therapy, silicone therapy, adhesive tape, and occlusive dressing therapy, are related to mechanotransduction mechanisms. Conclusions: A unifying perspective of basic research findings and clinical observations may be obtained by considering the mechanoreceptor-related events in scar management. Moreover, a precise understanding of the roles that cellular mechanoreceptors and mechanosensitive nociceptors play in proliferative scarring may lead to the development of innovative treatment strategies and new pharmacologic therapies targeting cellular mechanoreceptors and mechanosensitive nociceptors in fibroproliferative diseases. (Plast. Reconstr. Surg. 126: 426, 2010.) 
T
he physiopathogenesis of proliferative scarring of human skin, such as keloids and hypertrophic scars, is not well understood. 1, 2 Extensive experience with treatments such as surgery, radiotherapy, laser therapy, brachytherapy, cryotherapy, and intralesional cytotoxic/antiproliferative regimens may add to the confusion. Several physical treatment modalities that do not result in abrupt biochemical and/or physical alterations in the scar environment, such as compression garments, occlusive and adhesive skin taping, and silicone application, can be effective for the prevention and treatment of proliferative scarring, although there are racial differences in the responses to these treatments. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The aim of the present review was to explain the unclarified mechanobiological actions of these physical treatment modalities for scarring, including mechanoreceptor-related and mechanosensitive nociceptor-related cellular events, and to provide a better explanation of the mechanisms underlying proliferative scarring.
MECHANICAL FORCE AND PROLIFERATIVE SCARRING
The sensory nerves in skin are divided into lowthreshold mechanoreceptors, thermoreceptors, and nociceptors, according to their neurophysiologic characteristics. 17 Large myelinated A␤ fibers are lowthreshold mechanoreceptors that are mainly related with encapsulated endings (Ruffini, Meissner, Krause, and Vater-Pacini corpuscles). Nociceptors are mainly high-threshold C fibers and A␦ fibers that transduce painful sensations. 18, 19 Activation of nociceptive nerve endings (nociceptors) in the skin generates action potentials that are conducted to the spinal cord and, after processing of this nociceptive information, a sensation of pain or itch is generated in the central nervous system. Unmyelinated C fibers and lightly myelinated A␦ fibers also serve as thermoreceptors.
Unlike A␤ and A␣ fibers, nociceptive C and A␦ fibers are polymodal, responding to a variable range of stimuli, including mechanical force. 17, 18 Moreover, as action potentials also retrogradely invade the arborizations of the primary afferent neuron (axon reflex), C and A␦ fibers release neuropeptides from their terminals that are capable of inducing an inflammatory response (neurogenic inflammation). 18, [20] [21] [22] [23] [24] [25] This potential efferent function of skin afferent nerve fibers was first described by Bayliss in 1901. 26 Bayliss demonstrated that skin vasodilatation occurred after antidromic (anterograde) electrostimulation of the dorsal sensory root, and various neuropeptides responsible for this efferent function have been identified. [27] [28] [29] Neuropeptides mediate communication among free nerve endings, immune cells, and skin cells. 23, 30, 31 After they are synthesized in the soma, neuropeptides are transmitted to nerve endings through accelerated axonal transport. 32 Many types of human skin cells have neuropeptide receptors, and when neuropeptides are released into the extracellular matrix, they cause capillary leakage and vasodilatation in endothelial and smooth muscle cells. The interaction of neuropeptides with mast cells and leukocyte subpopulations to release histamine and various inflammatory mediators has been reported. 24, [33] [34] [35] Neurogenic inflammation may play a role in the physiopathogenesis of proliferative scarring. 20 -22,36 In addition to their inflammatory role, neuropeptides also have a direct fibrinogenic effect, 24, [37] [38] [39] and a change in neuropeptide metabolism or concentration may affect fibroblast proliferation and activity. In 2008, Akaishi et al. 20 used computer simulation to demonstrate the relationship between mechanical forces and the keloid growth pattern. They hypothesized that mechanical forces, including stretching of the skin, stimulate mechanosensitive nociceptors on the sensory fibers of the skin. Moreover, Chin et al., 40 in an in vivo study, demonstrated that cyclical mechanical stretching of murine skin, using a computer-controlled system, resulted in a significant increase of neuropeptides.
Cellular mechanotransduction is the process by which cells sense mechanical forces and transduce them into intracellular biochemical and gene expression. 22, 41 Many types of molecules, cellular components, and extracellular structures have been shown to contribute to mechanotransduction. These include the extracellular matrix, cell-extracellular matrix adhesions (integrins and focal adhesions), cell-cell adhesions (cadherins and gap junctions), membrane components, specialized surface processes, cytoskeletal filaments (microfilaments, intermediate filaments, and microtubules), and nuclear structures. [42] [43] [44] [45] Perceived stimuli directly affect secondary signaling pathways, thereby altering cellular function or inducing apoptosis. 46 -48 Based on the importance of "tensional prestress" for "cell shape stability," Dr. Donald Ingber proposed that living cells use "tensegrity" (tensional integrity) architecture to control their shape and structure. Tensegrity is used by cells to mechanically integrate and stabilize the interconnecting cytoskeleton filament system (microfilaments, intermediate filaments, and microtubules). 45, 49, 50 Transmembrane adhesion receptors, such as integrins, mechanically couple the cytoskeletal network to the immobilized extracellular matrix molecules. 45 Integrins connect to the cytoskeleton through focal adhesions that contain multiple actin-associated proteins such as talin, vinculin, paxillin, and zyxin. 51 This interconnected structure, which is based on extracellular matrix receptors (i.e., integrin), may serve as a "tent peg" to sense the mechanical force. 49 Stretch-sensitive membrane cation channels in mechanosensory nerves and muscle cells convert mechanical energy into electrical action potentials, which are either propagated or transformed into chemical signals. 52 For nonexcitable cells such as fibroblasts, there is increasing evidence that mechanical stimulation can be converted directly into chemical signaling. 53 Besides instant chemical signaling, mechanical strain to fibroblasts also increases fibrotic gene expression. Derderian et al., using an in vitro model consisting of cultured normal human dermal fibroblasts embedded in a type I collagen lattice, demonstrated that graded tension generates reproducible loaddependent changes in fibroblast morphology, matrix protein mRNA levels, and matrix metalloproteinase-1 secretion. 54 Wang et al., also applying in vitro mechanical strain, compared normal dermis fibroblast and keloid fibroblast cultures and demonstrated a differentially increased transcriptional response for transforming growth factor-␤1 and transforming growth factor-␤2 in keloid fibroVolume 126, Number 2 • Action Mechanisms of Scar Therapies blasts, as compared with normal fibroblasts, which was correlated with increased protein levels. 55 Other than the numerous in vitro studies demonstrating the effect of mechanical strain on fibroblasts, Aarabi et al. 56 reported results of an in vivo study in which timed tensional load was applied to a wound model. Using this novel model in rats, they were able to obtain load-induced hypertrophic scars that featured all of the classic histopathologic characteristics of human hypertrophic scars. Furthermore, they demonstrated that increased cellularity in hypertrophic scars is attributable to decreased apoptotic pathways in vivo. Tables 1 and 2 include summary information about cited basic research studies on nociceptor-related and mechanoreceptor-related cellular events, respectively.
COMPRESSION THERAPY
Compression garments are frequently used and are the standard first-line therapy for postburn hypertrophic scars in many institutions. [3] [4] [5] [6] Compression is reported to produce regression of hypertrophic scars in 60 to 85 percent of patients. 57 Several mechanisms of action for compression have been proposed, including the direct reduction of tissue perfusion and edema, decreased collagen synthesis, increased prostaglandin E 2 release, and increased activation and release of matrix metalloproteinases. [58] [59] [60] So far, explanations depending on a single intervening factor (e.g., cytokine, enzyme, tissue perfusion) have been inadequate for understanding the mechanism of action.
Cellular mechanoreceptors may be critical to the high success rate of compression therapy. Renò et al. 57 reported an increase in cellular apoptosis in compressed hypertrophic scars in vitro. Mechanoreceptor activity is involved in cellular apoptosis, 47, 48, 61, 62 and mechanoreceptors are linked to the integrity of the extracellular matrix. Galbraith et al. 63 reported that focal cellular adhesions, which normally serve as mechanoreceptors, did not mature in extracellular matrix that lacked rigidity. Thus, it is likely that an increase in extracellular matrix rigidity produced by compression garments leads to a higher level of mechanoreceptor activity and increased cellular apoptosis. Moreover, as increased rigidity has been shown to affect the migration, proliferation, and differentiation of cells in vitro, 64 -67 increased rigidity caused by compression may also alter or inhibit the differentiation and proliferation of scar fibroblasts in vivo. Table 3 includes summary information about cited studies.
Compression garments are wrapped around the body to exert circular compression and to decrease volume. The garments may also act to decrease scar tension. The treatment usually lasts for approximately 1 year, the entire period of scar maturation. 68 During this period, the garments continuously compress and dress the scar surface, to isolate it. This isolation and decreased tension on the scar may decrease the activity of mechanosensitive nociceptors and thereby decrease neuropeptide release. Thus, decreasing mechanosensitive nociceptor activity may be an adjunctive function of pressure garments.
SILICONE THERAPY
Silicone gel sheeting has been used since the early 1980s. 7 Several randomized controlled 35 
Rat
In vitro leukocytes (T lymphocytes, macrophages and neutrophils) were induced to secrete tumor necrosis factor-␣, interleukin 1-␤, interleukin 2, and interleukin 6 by applying SP.
CGRP, calcitonin gene-related peptide; SP, substance P.
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studies have demonstrated the efficacy of this therapy, 8 -12 although its underlying mechanism of action is unknown (Table 4) . It has been suggested that silicone therapy acts by altering the tissue oxygen level, by producing pressure and temperature changes, or by a direct action of the silicone molecule itself 69 -73 ; however, the most likely hypothesis is that silicone has an occlusion and hydration effect on the scar. 74, 75 In his review on the evolution of silicone ther- 74 suggested that the occluded and hydrated environment diminishes keratinocyte stimulation, which in turn causes a decrease in fibroblast activity.
An occluded wound environment is known to prevent the stimulation of damaged nerves, 76 whereas a dry and unoccluded wound is more likely to be painful. Nociceptive nerve fibers are prominent in the area of a wound and in the epithelium and dermis of epithelized scars in the proliferative phase. Long-term application of a soft, inert, equally balanced, and occlusive material such as silicone gel sheeting to the scar surface may cause a decrease in nociceptor activity and a consequent decrease in neurogenic inflammation, leading to a reduction in scar tissue. Tensile reduction is believed to be one of the primary effects of silicone gel sheeting. The computer analysis conducted by Akaishi et al. 77 indicated that silicone gel sheeting was effective for reducing tension at the border between the scar and normal skin. Additional tension was placed on the normal skin under the lateral edge of the gel sheets, but the silicone gel sheeting transferred the tension from the border of the scar to the lateral edge of the silicone gel sheeting. Tensile reduction may decrease tension-induced neurogenic inflammation.
77

ADHESIVE TAPE AND OCCLUSIVE DRESSINGS
Paper or plastic adhesive tape is used to prevent excessive scarring. Decreased wound tension and occlusion are thought to be important factors in their action. 4, 13, 78, 79 Paper tapes are rigid and able to decrease wound tension 13 ; however, Sawada et al.
14 reported more favorable results with a plastic occlusive transparent film dressing (Blenderm; 3M Health Care, St. Paul, Minn.).
In addition to preventing scarring, nonsilicone occlusive dressings have been reported to be effective for the treatment of excessive scarring 15, 16 ( Table 5 ). An occlusive dressing forms a "sensory isolation" to dermal and epidermal nerve endings. Prospective controlled study comparing efficacy and safety of two different silicone gel types.
Significant improvement in silicone-treated areas relative to control areas was demonstrated. Different silicone gel types did not differ in efficacy or safety. Lee et al., 1995 9 Prospective randomized study comparing two different silicone gel types.
Scar color, thickness, texture, and regularity showed improvement with the use of silicone gels. Sproat et al., 1992 10 Prospective randomized study comparing intralesional corticosteroid injection and silicone gel sheeting in poststernotomy scar patients.
Silicone gel sheeting provided earlier symptomatic relief and a more aesthetic scar.
Li-Tsang et al., 2006 11
Prospective, randomized, controlled study to determine the efficacy of silicone gel sheeting on severe posttraumatic hypertrophic scars among a Chinese population.
Silicone gel sheeting was effective for reducing thickness, pain, itchiness, and pliability of a severe hypertrophic scar among a Chinese population. Borgognoni et al., 2000 12 Prospective clinical study on keloids that recurred after surgical excision. Two treatments (surgical excision plus silicone gel sheet and surgical excision alone) were compared. Excised materials were investigated for immunophenotypic features.
Sheet applications effectively reduced recurrences after keloid excision. Excision materials from the group with silicone gel sheeting had lower rates of immune cell monoclonal antibody expression.
Musgrave et al., 2002 70
Perfusion of hypertrophic scars and adjacent normal skin was measured using a laser Doppler with and without application of silicone gel sheets.
Applying a silicone gel sheet did not result in an acute alteration in microvascular flow within hypertrophic scars; however, applying a gel sheet produced a significant and sustained elevation in the surface temperature of the hypertrophic scar. Chang et al., 1995 75 In vitro two-chamber cell culture model investigating the interaction between epidermal and dermal fibroblasts.
Hydration, not silicone itself, inhibited fibroblast proliferation and collagen production. Akaishi et al., 2009 (in press) 77
Computer-aided visual analysis of a finite element study.
Silicone gel sheet was effective for reducing the tension at the border between the scar and normal skin, although additional tension occurred on normal skin under the lateral edge of the sheet. Silicone gel sheet appeared to transfer the tension from the scar border to the sheet edge.
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A reduction of tensile forces by adhesive dressings may also diminish nociceptor activity. These two effects are synergistic, and the mechanism of action may be related to a decrease in neuropeptide release and neurogenic inflammation.
OCCLUSIVE DRESSING THERAPY
Little is known about the cellular mechanisms that mediate proliferative scarring treatments, and the mechanisms underlying occlusion of the epithelialized (water-impermeable) surface and remission of the deep layers of a protruding scar remain an enigma. Using an in vitro cell culture model, Chang et al. 75 demonstrated that the effect of keratinocytes on fibroblasts after silicone application was modulated by hydration. Mustoe suggested that hydration of the scar surface by an occlusive silicone dressing induces "epidermal-dermal cellular signaling," which in turn regulates cell (i.e., fibroblast) function to diminish scarring. 74 The effects of hydration and dehydration on the interplay between keratinocytes and other skin cells seem reasonable, but the role of free nerve endings in the dermis and epidermis should not be overlooked. Free nerve endings in the skin connect the surface of a scar to deeper layers in a transmissive manner. Furthermore, when stimulated, free nerve endings release neuropeptides, which have inflammatory and fibrinogenic potential. Isolation of free nerve endings from external stimuli, sensory occlusion of the scar surface, and decreased tension on the scar may in time impair neuropeptide-related cellular responses. It is useful to consider the mechanism of action of compression garments, silicone gel sheeting, and adhesive tapes from this perspective.
DISCUSSION AND FUTURE PERSPECTIVES
Wound healing is a continuous and complex process of dynamic intercellular and cell-matrix interactions. 80, 81 Among these interactions, the importance of cellular mechanoreceptors and mechanosensitive nociceptors cannot be underestimated. Excessive scarring can be described as a wound-healing complication, and the possible involvement of these receptors in its pathophysiology and treatment must be considered.
Cellular mechanoreceptors and membrane neuropeptide receptors are functionally related to membrane ion channels, particularly the calciumtransporting channels. Calcium influx and calciummediated intracellular signaling in fibroblasts as a response to mechanical stimulation has been observed in a number of studies. [82] [83] [84] Hayakawa et al. 85 reported that stimulation of mechanoreceptors (cytoskeletal actin stress fibers and focal cellular adhesions) activated mechanosensitive calcium channels, which in turn increased the intracellular calcium level. Moreover, neuropeptide receptor agonists have been reported to directly increase intracellular calcium. 17 Calcium plays a central and diverse role in the complicated process of wound healing. As calcium acts as a vital intracellular messenger and effector in most cells, including fibroblasts, it can be inferred that a decrease of intracellular calcium would impair intracellular signaling in response to mechanoreceptor and neuropeptide receptor activity. This may be an additional action of intralesional calcium channel blockers on proliferative scarring. Prospective, controlled, randomized study to observe the efficacy of paper tapes for preventing hypertrophic scars after cesarean delivery.
The results provided evidence for the effectiveness of paper tape for reducing scar volume and preventing hypertrophic scar formation following cesarean delivery. Bieley and Berman, 1996 15 Prospective, randomized study to evaluate the effects of a water-impermeable nonsilicone-based occlusive dressing on keloids.
Non-silicone-based occlusive dressing worn continuously for 8 wk was effective in the majority of keloids treated, indicating that the presence of silicone is not required for an occlusive dressing to have salutary effects on keloidal tissue. de Oliviera et al., 2001 16 Prospective, randomized, controlled study to compare silicone and nonsilicone gel dressings in the treatment of keloids and hypertrophic scars.
All of the measured scarring parameters were significantly reduced in the silicone and non-silicone-treated groups, as compared with the control, with no significant differences between them.
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Besides hypertrophic scars and keloids, there are many other fibroproliferative diseases of the human body, including Dupuytren contracture, aggressive fibromatoses (desmoid tumors), and Ledderhose disease. Therapeutic considerations for these diseases may benefit from efforts that explain the mechanisms of action of proliferative scar treatments. In conclusion, a more precise understanding of the roles that cellular mechanoreceptors and mechanosensitive nociceptors play in proliferative scarring may lead to the development of innovative treatment strategies and new pharmacologic therapies targeting cellular mechanoreceptors and mechanosensitive nociceptors in fibroproliferative diseases.
